1 Introduction
==============

Chitosan, with the structural formula poly-*β*-(1--4)-Dglucosamine, is the deacetylated derivative of chitin, and it is the second most abundant polysaccharide found on the earth, next to cellulose. As a natural renewable resource, it has a number of unique properties such as antimicrobial activity, nontoxicity, and biodegradability that attract scientific and industrial interest in many fields \[[@b1-med-2015-0081]--[@b4-med-2015-0081]\]. Nowadays, chitosan has be widely used as a flocculant \[[@b5-med-2015-0081],[@b6-med-2015-0081]\], clarifier \[[@b7-med-2015-0081]\], thickener \[[@b8-med-2015-0081]\], fiber \[[@b9-med-2015-0081]\], film \[[@b10-med-2015-0081]\], affinity chromatography column matrix, gas-selective membrane, plant disease resistance-promotor, anti-cancer agent, wound healing promoting agent, and antimicrobial agent. However, these activities are limited to acidic conditions due to its poor solubility above pH\~6.5. Because of its very stable crystalline structure with strong hydrogen bonds, researchers have focused on the preparation of chitosan derivatives soluble in water over a wide pH range; the solubility of chitosan can be improved by chemical modification. Chitosan has reactive amino and hydroxyl groups, both of which can be used to chemically alter chitosan's properties under mild reaction conditions. Therefore, many water-soluble derivatives have been prepared by introducing hydrophilic groups such as carboxymethyl, dihydroxyethyl, sulfate, phosphate, hydroxyalkylamino, or by grafting a water-soluble polymer on the macromolecular chain of chitosan \[[@b11-med-2015-0081],[@b12-med-2015-0081],[@b13-med-2015-0081]\]. Polymeric quaternary ammonium compounds have received the most attention over the years \[[@b13-med-2015-0081]--[@b15-med-2015-0081]\].

Various kinds of paper have been used in the industry and daily activities, but bacteria and fungi will adhere to the surface of the paper through the making and using processes. Thus, it's important to study ways to prevent the diffusion of illness by antimicrobial paper \[[@b16-med-2015-0081]--[@b18-med-2015-0081]\]. Antimicrobial packaging materials are interesting and promising applications of advanced active food packaging concepts. They can effectively control microbial contamination of various solid and semisolid foodstuffs by inhibiting the growth of microorganisms on the surface of the food that normally comes into direct contact with the packaging material. In recent years, research into environmentally friendly packaging materials and production methods has increased considerably. Current research focuses on antimicrobial reagents prepared from natural renewable materials and low toxicity toward mammalian cells \[[@b19-med-2015-0081]--[@b21-med-2015-0081]\]. Chitosan can disrupt the barrier properties of the outer membranes of gram-negative bacteria; this makes it a potentially useful indirect antimicrobial for food protection. Chitosan can also act as a chelating agent that selectively binds trace metals and thereby inhibits the production of toxins and microbial growth.

The notion of using chitosan combined with paper is not new \[[@b22-med-2015-0081]--[@b24-med-2015-0081]\]. It has been used as a papermaking additive and for the surface treatment of paper for decades. Chitosan graft copolymers have been exploited for making paper products of improved dry strength, and chitosan has been added to cellulose and unbleached sulfite to increase the burst, dry-tensile, and wet-tensile properties of handsheets \[[@b25-med-2015-0081]--[@b27-med-2015-0081]\]. Its use has been recommended for the manufacture of electric insulation papers and various types of technical papers, particularly wet-strength papers. Chitosan has been proved theoretically and practically to meet the criteria for wet-strength agents. One researcher has prepared chitosan-coated caper and studied the effects of nisin and different acids on the antimicrobial activity of that paper. Chitosan coatings obviously improved both the gloss and oxygen-barrier properties of the paper. Chitosan dissolved in 1.6, 3.2, and 6.4% lactic acid showed antimicrobial activity against *Bacillus subtilis*, whereas acetic and propionic acids (1.6, 3.2, and 6.4%) did not produce any notable activity.

In this paper, chitosan-*N*-2-hydroxypropyl trimethyl ammonium chloride (HACC) with different quaternization degrees was prepared. The antimicrobial activities of HACC against bacteria and fungi were systemically studied. The effects of some factors, e.g., HACC concentration, quaternization degrees, pH values, and incubation temperature of the medium on the antimicrobial activities of HACC were discussed. The antimicrobial properties of handsheets with HACC were also studied.

2 Material and method
=====================

2.1 Materials
-------------

Chitosan (CS) with *M*~w~ of 1.30×10^5^ and deacetylation degree of 85.1% was obtained from Qingdao Lizhong Chitin Co. (Shandong, China) and was used as received. Other chemicals are analytical grade. The microorganisms tested were *Escherichia coli*, *Staphylococcus aureus* and *Aspergillus niger* ; they were provided by the College of Food Engineering and Biotechnology in Tianjin University of Science and Technology. Bacteria were incubated on nutrient agar at 37°C for 24 h; *A. niger* bacteria were incubated on potato dextrose agar (PDA) at 28°C for 72 h. A certain amount of HACC was added to the bleached softwood pulp to prepare handsheets on the Rapid Köthen handsheet making machine.

2.2 Preparation of HACC
-----------------------

Chitosan was dispersed into the mixture of isopropanol and distilled water at 85°C. Glycidyl trimethyl ammonium chloride (GTMAC) was added in four portions at 2 h intervals. After stirring 8 h, the clear and yellowish reaction solution was poured into acetone. The reaction product was filtered, concentrated, and dried under vacuum at 40°C for 24 h to obtain the quaternized chitosan. The synthesis route is shown in [Scheme 1](#f3-med-2015-0081){ref-type="fig"}. The degree of quaternization (DQ) was determined by conductometric titration of chloride ions using a standard AgNO~3~ solution in water. FT IR spectra were recorded by reflection method with a VECTOR 22 Fourier transform infrared spectrometer. ^1^H NMR spectra were obtained using a Varian UNITYplus-400 nuclear magnetic resonance.

2.3 Antimicrobial assays
------------------------

A measured amount of HACC aqueous solutions, microorganism suspension with concentration of 10^6^--10^7^CFU/m, and culture medium were poured into autoclaved petri-dishes and were spread uniformly. A blank without HACC was prepared for comparison. Then the mixture were put in the incubator and incubated at standard conditions \[[@b19-med-2015-0081], [@b21-med-2015-0081]\]. We observed the visible colonies after regular incubation times; the inhibition rate *η* were calculated as *η*=(*N*~1~--*N*~2~)*N*~1~. Here *N*~1~ and *N*~2~ represent the number of colonies on the plates without and with HACC samples after inhibition, respectively. The antimicrobial properties of the handsheets were tested by the inhibition zone method \[[@b16-med-2015-0081], [@b18-med-2015-0081]\]. All sheets were cut into 10-mm diameter disks, placed on the petri-dishes with 0.2 ml of microorganism suspension and 16 ml of culture medium, and incubated at standard conditions. The antimicrobial effect of the sheets was determined by observing the existence of the clear zone at the contact area around the disks. All experiments were carried out in triplicate, and average values were reported.

3 Results and discussion
========================

3.1 Preparation of HACC
-----------------------

HACC was prepared by reacting chitosan with GTMAC under a neutral condition in which the hydroxyl groups of chitosan are not sufficiently nucleophilic to induce ring opening of GTMAC, whereas the amino group of chitosan is nucleophilic enough to do so. FT IR and ^1^H NMR analysis were carried out to identify the chitosan quaternary salt produced. [Figure 1](#f1-med-2015-0081){ref-type="fig"} shows the FT IR spectra of chitosan and HACC. The most striking difference between the two spectra is the band of the salt positioned at 1488 cm^−1^, which corresponds to an asymmetric angular bending of methyl groups of quaternary hydrogen. That peak was not detected in the infrared spectrum corresponding to the original chitosan. The N--H bending (1600 cm^−1^) of the primary amine was weak due to the change of the primary amine to the secondary amine (aliphatic) ([Fig. 1](#f1-med-2015-0081){ref-type="fig"}).

The ^1^H NMR spectrum of HACC is shown in [Figure 2](#f2-med-2015-0081){ref-type="fig"}. As evidence of the reaction, the three methyl groups in the quaternary ammonium salt group were observed as a very strong peak at 3.2 ppm in ^1^H NMR spectrum of HACC.

3.2 Antimicrobial Properties of HACC
------------------------------------

The antimicrobial effect of HACC in different concentration is shown in [Table 1](#t1-med-2015-0081){ref-type="table"}. It was noted that the number of colonies of all test microorganisms formed on the dishes had decreased with increasing HACC concentration. As the concentration of HACC in the medium also indicates the concentration of cation, the inhibitory effect was strengthened with the concentration of quaternary ammonium groups in the experimental range.

The samples demonstrate more effective antimicrobial ability against *S. aureus* than that of *E. coli*, as indicated by the lower colony unit. Thatmay be attributed to their different cell walls \[[@b28-med-2015-0081]\]. *S. aureus*, being a typical Grampositive bacterium, has a cell wall fully composed of peptide polyglycogen. The peptidoglycan layer is composed of networks with many pores that allow foreign molecules to enter the cell without difficulty. However, *E. coli*, a typical Gram-negative bacterium, has a cell wall made up of a thin membrane of peptide polyglycogen and an outer membrane constituted by lipopolysaccharides, lipoproteins, and phospholipids. Because of the bilayer structure, the outer membrane is a potential barrier against foreign molecules. 0.1% (w/v) HACC solution could inhibit the growth of *S. aureus* completely, whereas for *E. coli*, the inhibition rate was 95.6%. However, for *A. niger*, more HACC were needed to inhibit its growth. When 0.1% (w/v) HACC solution applied, the inhibition rate was only 54.5%. In the latter experiments, 0.05% (w/v) HACC solutions were used to study the effect of some factors on antimicrobial activity against *S. aureus*, whereas a concentration of 0.1% (w/v) was used against *E. coli* and *A. niger*.

HACC samples with five different degree of quaternization (DQ) were used to evaluate the effects of DQ on antimicrobial activity. As seen in [Table 1](#t1-med-2015-0081){ref-type="table"}, the inhibitory effects strengthened as the DQ of HACC increased. It was understandable that the concentration of positive charge increased with the increasing of DQ, thus the antimicrobial activity improved. HACC with a DQ of 1.23 was used in the latter experiments.

The effect of medium pH values on antimicrobial activity of HACC solvents was evaluated with six different pH values (adjusted with HCl and NaOH). As shown in [Table 1](#t1-med-2015-0081){ref-type="table"}, HACC had high antimicrobial activity against *S. aureus* and *E. coli* at different pH values, but the weakly basic condition slightly decreased the antimicrobial activity. HACC is a polyelectrolyte; therefore, increasing pH value, quaternary ammonium groups acted with hydroxy and the amount of quaternary ammonium structure decreased, thus antimicrobial activity decreased in under basic conditions.

Most of the water used in the papermaking industry comes from rivers or lakes, which contain abundant of metal ions, such as Ca^2+^, Mg^2+^, and Na^+^, and other metal ions. Therefore, it is important to estimate the effect of metal ions on antimicrobial activity. NaCl, MgCl~2~, and CaCl~2~ powder was added to HACC solutions, and the final concentration of metal ions was 0.2 mol/L. After stirred for about 1 h, the solutions were used in antimicrobial assays. [Table 1](#t1-med-2015-0081){ref-type="table"} shows that antimicrobial activity decreased with the increasing concentrations of metal ions.

Chitosan is a powerful chelating agent that easily forms complexes with transition metals and heavy metals; chitosan-metal complexes can be used for sequestration or removal of metal ions, dyeing, catalysis, and water treatment, and also other purposes. Some of the complexes, such as chitosan-Ag, chitosan-Cu, chitosan-Zn are important as antimicrobial agents, for Ag^+^, Cu^2+^, and Zn^2+^ themselves have good antimicrobial properties; that is different from Ca^2+^, Mg^2+^, and Na^+^ \[[@b29-med-2015-0081]\]. The metal ion is like a bridge connecting one or more chains of HACC through interacting with --OH and quaternary ammonium groups, thus the antimicrobial activity decreased by different degrees for the differences of charge density, ions radius, and chelating ability.

To detect the effect of heat treatment on antimicrobial activity, HACC solutions were placed in different temperatures for 30 min and then cooled to the room temperature for the antimicrobial assays. For a control sample, HACC solutions without heat treatment were used as a contrast. [Table 1](#t1-med-2015-0081){ref-type="table"} shows that heat treatment had a great effect on the antimicrobial activity. It could be postulated that HACC hydrolysis quickened in the solutions with increasing temperature and the concentration of positive charge decreased, thus the antimicrobial activity decreased.

3.3 Antimicrobial Properties of HACC for paper
----------------------------------------------

In the inhibition zone test, an antimicrobial sample was placed on a solid agar medium containing the test strain. A clear zone surrounding the sample indicated the diffusion of antimicrobial substances from the sample material generating growth inhibition. The capability of the prepared sheets to inhibit the growth of the tested microorganisms is shown in [Table 2](#t2-med-2015-0081){ref-type="table"}. It was found that the diameter of the inhibition zone varied according to the test microorganisms. When the concentration of HACC was 0.5%, the width of inhibition area was 2.8 mm, 2.7 mm and 2.0 mm for *S. aureus*, *E. coli*, and *A. niger*, respectively, and no shrinkage was seen after 2 days, indicating that HACC is suitable for use as a antimicrobial for paper.

4 Conclusions
=============

2-hydroxypropyltrimethyl ammonium chloride chitosan (HACC) with quaternization degrees of 1.00 to 1.27 was prepared. HACC showed high antimicrobial activity against *S. aureus* and *E. coli*, and low antimicrobial activity against *A. niger*. The antimicrobial activity increased with increasing DQ of HACC and HACC solution concentrations and was slightly stronger in weakly acidic conditions than in basic conditions. The antimicrobial activity decreased in the presence of large amounts of Ca^2+^, Mg^2+^, and Na^+^, or under heat treatment of HACC solutions. When the ratio of HACC to dried pulp was 0.5%, the width of the inhibition area was greater than 2.0 mm, and no shrinkage was seen after 2 days. All these results show that chitosan quaternary ammonium salt derivatives are good candidates for antimicrobial agents that can be used in paper.
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###### 

Effect of factors on antimicrobial activities.

  Conditions                                                                                                            η (%)          
  -------------------------------------------------------------- ------------------------------------------------------ ------- ------ ------
  Conc. of HACC[a](#tfn1-med-2015-0081){ref-type="table-fn"}/%   0.005                                                  9.3     13.3   13.6
  0.010                                                          31.5                                                   26.7    18.2   
  0.025                                                          88.1                                                   80.7    20.5   
  0.050                                                          96.8                                                   90.4    27.2   
  0.100                                                          100                                                    95.6    54.5   
  Quaternization degrees of HACC                                 1.00                                                   90.4    88.2   47.7
  1.06                                                           92.8                                                   90.7    50.0   
  1.17                                                           95.0                                                   92.9    52.1   
  1.23                                                           96.8                                                   95.6    54.5   
  1.27                                                           97.2                                                   96.4    56.8   
  pH                                                             5.5                                                    97.2    96.8   59.0
  6.0                                                            97.0                                                   96.2    56.8   
  6.5                                                            96.8                                                   95.8    56.8   
  7.0                                                            96.8                                                   95.6    54.5   
  7.5                                                            96.1                                                   94.2    50.0   
  8.0                                                            95.9                                                   91.3    40.9   
  Metal ions                                                     Control[b](#tfn2-med-2015-0081){ref-type="table-fn"}   96.8    95.6   54.5
  Na^+^                                                          77.8                                                   78.2    26.9   
  Mg^2+^                                                         82.6                                                   81.8    33.9   
  Ca^2+^                                                         86.4                                                   88.6    40.8   
  Temperature of heat Treatment/°C                               Control[c](#tfn3-med-2015-0081){ref-type="table-fn"}   96.8    95.6   54.5
  80                                                             49.9                                                   54.2    28.4   
  100                                                            25.8                                                   28.9    19.9   
  120                                                            17.7                                                   20.1    14.6   

HACC with quaternization degree of 1.23.

HACC solution without metal ions.

HACC solutions without heat treatment.

###### 

The antimicrobial activity of handsheets.

  Conc. of HACC [a](#tfn4-med-2015-0081){ref-type="table-fn"}/%   Diameters of inhibition zones/mm          
  --------------------------------------------------------------- ---------------------------------- ------ ------
  0.1%                                                            14.0                               14.2   11.6
  0.3%                                                            15.0                               14.8   12.4
  0.5%                                                            15.6                               15.4   14.0
  0.7%                                                            16.1                               16.0   14.2
  0.9%                                                            17.2                               17.0   14.6

The weight ratio of HACC to the pulp without water.
